Noise exposure and the subsequent hearing loss are well documented aspects of military life. Numerous studies have indicated high rates of noise-induced hearing injury (NIHI) in active-duty service men and women, and recent statistics from the U.S. Department of Veterans Affairs indicate a population of veterans with hearing loss that is growing at an increasing rate. In an effort to minimize hearing loss, the U.S. Department of Defense (DoD) updated its Hearing Conservation Program in 2010, and also has recently revised the DoD Design Criteria Standard Noise Limits (MIL-STD-1474E) which defines allowable noise levels in the design of all military acquisitions including weapons and vehicles. Even with such mandates, it remains a challenge to accurately quantify the noise exposure experienced by a Warfighter over the course of a mission or training exercise, or even in a standard work day. Noise dosimeters are intended for exactly this purpose, but variations in device placement (e.g., free-field, on-body, in/nearear), hardware (e.g., microphone, analog-to-digital converter), measurement time (e.g., work day, 24-h), and dose metric calculations (e.g., time-weighted energy, peak levels, Auditory Risk Units), as well as noise types (e.g., continuous, intermittent, impulsive) can cause exposure measurements to be incomplete, inaccurate, or inappropriate for a given situation. This paper describes the design of a noise dosimeter capable of acquiring exposure data across tactical environments. Two generations of prototypes have been built at MIT Lincoln Laboratory with funding from the U.S. Army, Navy, and Marine Corps. Details related to hardware, signal processing, and testing efforts are provided, along with example tactical military noise data and lessons learned from early fieldings. Finally, we discuss the continued need to prioritize personalized dosimetry in order to improve models that predict or characterize the risk of auditory damage, to integrate dosimeters with hearing-protection devices, and to inform strategies and metrics for reducing NIHI.
Introduction
Noise exposure and the subsequent hearing loss are well documented aspects of military life. Numerous studies have indicated high occurrences of noise-induced hearing injury (NIHI) in active-duty Service Men and Women (Ahroon et al., 2011; Helfer et al., 2011; Yankaskas, 2013) , and recent statistics from the U.S. Department of Veterans Affairs indicate a population of veterans with hearing loss that is growing at an increasing rate (US Dept. of Veterans Affairs, 2015) . Some surveys are limited in scope to certain wars, such as those in Iraq and Afghanistan (Theodoroff et al., 2015) , while a comprehensive U.S. Department of Defense (DoD) study is currently underway to understand the overall scope and cost of hearing impairment in active-duty personnel (Cooper et al., 2014) . Hearing loss also has been shown to reduce the operational capabilities of Warfighters (Sheffield et al., 2015) , thus extending the burdens of NIHI for the military community beyond the financial and physiological.
In an effort to control the growth in hearing loss within the military, the DoD updated its Hearing Conservation Program in 2010 to further address such topics as combat-related hearing conservation measures and occupational and operational noise exposure computation and monitoring (US Dept. of Defense, 2010) . Also recently revised is the DoD Design Criteria Standard, Noise Limits (MIL-STD-1474E), which mandates allowable noise levels in the design of all military acquisitions including weapons and vehicles (MIL-STD-1474E, 2015 . Even with such guidelines, however, it remains a challenge to accurately quantify the noise exposure experienced by an individual over the course of a mission or training exercise, or even over the course of a standard work day.
A noise dosimeter is a device that measures noise exposure and reports the dosage accumulated over a period of time. The challenges of accurate noise dosimetry are due to a number of factors, including the variety of noise types and environments encountered, and the demands this variety places on dosimeters and their use. Different military environments have been studied for noise characterization, including aircraft carriers (Yankaskas and Shaw, 1999; Rovig et al., 2004) and ground-vehicle interiors (Nakashima et al., 2007) , and while noise measurements typically are not made during ground operations for mounted or dismounted Warfighters (see Section 4.1 for an exception), weapon noise has been the subject of considerable research (Nakashima and Farinaccio, 2015) . Such environments tend to contain complex, time-varying noise fields that complicate the collection of data and the subsequent determination of auditory risk.
Noise generally is classified as continuous (exhibiting only small changes in level over time), intermittent (interrupted by occasional increases in level), impulsive (containing components with sharp rises and rapid decays), or complex (a combination of the above), and the frequency range and level can vary with the type and source of the noise. Typical commercial noise dosimeters are required to operate only up to 140 dB sound-pressure level (SPL) and cover a frequency range similar to that of human hearing (ANSI, 1991) . However, weapons fire, blasts, and other impact noises can exceed this SPL limit, and impulses can exhibit acoustic bandwidths extending well beyond the audio spectrum due to their short durations (Kardous and Willson, 2004; Kardous et al., 2005) . Thus, dosimeter design, for example with respect to microphone and analog-to-digital converter performance, is critical for measurement success. Dosimeter placement also can affect measured results, as free-field, on-body, and in/near-ear microphone positions can yield variations in measured spectra and levels due to absorption by clothing, head shadowing, and pinna resonances (Kuhn, 1979) . Fixed dosimetry "stations" may be the most practical to set up and maintain, but spatially varying noise fields and moving subjects require individually worn dosimeters to assess personal noise exposure accurately.
Once measured, noise-exposure data can be compared against established limits or other criteria to determine a need for hearing protection or predict the risk of hearing loss. As described in Section 2.2, such metrics come in many forms with a range of limitations and applicability. For continuous noise, MIL-STD-1474E uses 8-h time-weighted average (TWA) SPLs. In contrast, for impulse noise, it specifies limits for peak-pressure levels, equal-energy equivalent levels averaged over 100 ms intervals (L IAeq100ms ), and Auditory Risk Units generated by the Auditory Hazard Assessment Algorithm for Humans (AHAAH) (Price, 2007; Kalb and Price, 2015) . Despite the long list of existing metrics, noise-exposure and riskassessment metrics remain an active area of research, with recent proposed changes to the AHAAH model to compute integrated cochlear energy (Zagadou et al., 2016) , and a new approach for assessing risk from complex noise exposure (Sun et al., 2016) . Ultimately, the development of more useful assessments and accurate predictions of risk and damage requires a combination of accurate dosimetry and a deeper understanding of how noise exposure affects different parts of the auditory system.
In this paper, we first provide an overview of noise-dosimetry basic principles in Section 2. We then describe the design of a dosimeter for near-ear acquisition and analysis of continuous and impulsive noises characteristic of military environments, developed at Massachusetts Institute of Technology Lincoln Laboratory (MIT LL) with funding from the U.S. Army, Navy, and Marine Corps. Details related to hardware, signal processing, and testing efforts are provided in Section 3, along with example military noise data, including samples from a unique collection during combat operations, and lessons learned from early fieldings in Section 4. Finally, Section 5 discusses the continued need to prioritize personalized noise dosimetry in order to improve models that predict or characterize the risk of auditory damage and inform strategies and metrics for reducing NIHI.
Basics of noise dosimetry

Overview
Noise dosimetry involves measuring sound pressure levels in an environment with the goal of estimating the total dosage to which an individual is exposed over the course of a day, work shift, or event of interest. Often the dose is estimated in terms of Aweighted energy in conjunction with the equal-energy hypothesis (EEH), which assumes that accumulated noise energy is sufficient to determine risk of NIHI and that the underlying temporal characteristics of the noise are irrelevant. Under the EEH, two exposures are equivalent if the respective average noise levels and durations comply with a specified exchange rate. For example, a 3-dB exchange rate often is employed such that a halving or doubling of the exposure time is accommodated with a þ3 or À3 dB adjustment, respectively, to the allowable noise level.
In an effort to conserve hearing in industrial and military settings, guidelines on the maximum allowable daily noise exposure are recommended by regulating agencies such as National Institute for Occupational Safety and Health (NIOSH) and military branches under the DoD Hearing Conservation Program. This allowable daily noise dosage is expressed as a percent relative to the recommended limit, i.e., 100% dose represents maximum allowable noise exposure for an individual. For exposure in a continuous noise environment, the current military standard design criteria MIL-STD-1474E (2015) sets a limit of 85 dBA for a duration of 8 h, where the exposure duration and level may be traded off to satisfy an equal-energy criterion using a 3 dB exchange rate.
To understand the needs of a dosimetry device, it can be informative to classify noise into three general types e continuous, intermittent and impulsive e as illustrated in Fig. 1 . Of these types, impulsive noise may be the most demanding with respect to dosimeter design due to its highly dynamic nature and extreme levels, for example from weapons fire. This challenging range of conditions drives the need for a broadband dosimetry device with a high sampling rate and a wide dynamic range to avoid clipping or distortion from large blasts. A fourth noise type, complex noise, combines background (continuous or intermittent) and impulsive noise, each independently contributing sufficiently high levels to induce temporary threshold shifts (TTS). Dosimetry device specifications are discussed further in Section 3.
In practice, dosimetry data can be collected with free-field, onbody, or in-ear devices. Free-field noise surveys typically are short in duration (lasting no more than a few hours) and characterize the noise levels of an environment rather than for an individual. As described further in Section 5, accurately translating a free-field survey to the dose for a Warfighter can be challenging. For example, reverberating noise within closed spaces can produce spatially varying noise levels for which the level at the eardrum can vary dramatically (10 dB or more) depending on the exact positioning of body and ear relative to the noise source (Shaw and Vaillancourt, 1985) . This variability is particularly problematic for impulsive noise, due in part to its broad spectrum. High frequency (short duration, short wavelength) components are susceptible to reflections from shorter spatial scales, resulting in reverberation and multipath that can dynamically change the noise levels observed as a Warfighter moves or interacts with his or her environment. As a result, routine motion could result in fluctuating noise levels throughout the day. In an attempt to address this, many modern, small-form-factor commercial off-the-shelf (COTS) dosimeters can be worn on the body (preferably in close proximity to the ear) to directly measure the dose in the vicinity of an individual, but they typically lack the dynamic and frequency ranges necessary for military use.
Another key challenge in translating noise surveys to individual doses is that a dose should account for all exposure within a 24-h period. In the absence of noise-exposure data during off-duty hours, it is typical to assume that the off-duty noise contributions are negligible, which may introduce a downward-bias on the total daily dose estimate. Furthermore, use of the EEH typically involves an implicit assumption that individuals exposed to loud noises have a recovery period following the exposure that is at least as long as the exposure duration (Kryter, 1985) . This quiet recovery period allows the ear to recover from TTS to normal hearing levels, and an upper limit on "effective quiet" noise levels to support TTS recovery has been estimated as 65e75 dBA (Ward et al., 1976) . Moving toward 24-h dosimetry is important for capturing the full daily dose of an individual and can also allow direct measurement of the recovery conditions for an individual.
Damage risk metrics
Damage risk metrics are calculations or characteristics of the measured noise waveforms that quantify a harmful aspect of a noise. In conjunction with a metric, a damage risk criterion may be defined that enforces a limit on the metric for safe noise exposure. The military and other regulating agencies set damage risk criteria that specify the conditions where hearing conservation measures are needed. In dosimetry, a common damage risk metric is a timeweighted average (TWA) of the A-weighted noise level:
where T represents the exposure duration, p A ðtÞ is the A-weighted pressure-time waveform over time T and p 0 ¼ 20 mPa is the reference pressure level. A common limiting criterion for this metric is 85 dBA over an 8 h period, that is, L Aeq;8h 85 dBA (NIOSH, 1998; MIL-STD-1474E, 2015 . While L Aeq;8h has wide acceptance as a damage risk metric for continuous-noise environments, many concerns have been raised that it is not adequate for predicting hearing damage from complex or impulsive noise (Hamernik et al., 1974; Murphy et al., 2009; AIBS, 2010) . One issue is that L Aeq;8h and other energy-based metrics ignore much of the temporal and spectral structure of the noise, yet there is evidence to suggest that some of these structural features are important in determining the severity of damage from impulsive and complex noise (Kryter, 1985) . Hamernik et al. (1974) showed that L Aeq;T under-predicts hearing damage when continuous and impulsive noise are combined, and other studies suggest that impulsive exposures with predominantly low-frequency energy may be less hazardous than an equal-energy impulse dominated by higher frequencies (Hamernik et al., 1991) . Additionally, the linear relationship between energy and permanent threshold shifts (PTS) only holds for noise levels up to about 140 dB (Price, 1986) . Above this level, non-linear operations may be necessary to translate the energy metric into auditory damage. In response to these concerns, several complementary or alternative metrics have been proposed for impulsive noise. Table 1 summarizes several damage risk metrics that have been proposed or currently are used in hearing-conservation guidelines. An important caveat made in the new military standard, MIL-STD-1474E, is that while it defines damage risk metrics and sets permissible noise levels for the design and development of military systems, this new standard stops short of setting limits on hearing conservation requirements for military personnel. Therefore, the criteria in Table 1 that reference MIL-STD-1474E should not be considered as personnel dosage limits, but rather limits on the noise conditions of systems used within a military environment.
Until recently, damage risk metrics for impulses focused primarily on limiting the number of impulses based on peak level and duration; however, peak level and duration have failed to show a strong correlation with NIHI for impulsive noise. Furthermore, accurate measurement of the peak and duration are often complicated by reverberation and reflections which add substantial variability to the calculated values. MIL-STD-1474E introduces two alternatives as impulse noise damage risk metrics: (1) the L IAeq;8h metric which parallels the conventional L Aeq;8h calculations but is explicitly defined on a 100 ms interval around the impulse and includes a correction factor for long A-duration impulses (McKinley, 2015) ; and (2) Auditory Risk Units (ARUs) computed from the AHAAH model (Price, 2007; Kalb and Price, 2015) . Both metrics are acknowledged to have limitations and require further study, but are considered superior to the methods of the previous standard, MIL-STD-1474D.
The energy-based impulse metric introduced in MIL-STD-1474E is computed for a single impulse as:
where A-duration is the time interval in ms between successive zero crossings marking the onset and return to baseline of the impulse.
1 One limitation of the L IAeq;8h metric is that there is little validation of the A-duration correction factor in the literature, and the A-duration calculation itself may introduce uncertainties. Aduration calculations are well-suited for blast overpressure waveforms such as those from large munitions, but, as noted by Nakashima (2015) , they can be challenging to measure accurately on small weapons in the field and may be altogether inappropriate for some impulsive noise such as the highly reverberant impact noise from an aircraft-carrier catapult (see section 4.2). Furthermore, if A-duration is overestimated as a result of one of the complications just mentioned, it can lead to the undesirable effect of under-predicting the risk of hearing damage. For example, L IAeq;8h can be inappropriately reduced by as much as 16.4 dB in the case where the A-duration is overestimated at a value !2.5 ms. The AHAAH model is an electro-acoustic model developed by the U.S. Army and calculates a value in Auditory Risk Units (ARUs) that represents energy reaching the inner ear, i.e., basilar membrane displacement. The AHAAH model includes many software parameters, including options to activate or deactivate the nonlinear middle-ear reflex, which is thought by the AHAAH authors to reduce susceptibility to hearing damage when a person is anticipating a loud noise. One strength of the AHAAH algorithm is that it has the ability to apply a transfer function to convert freefield noise measurements to their expected levels at the eardrum, with the option of including suppression effects from a number of hearing-protection devices. Having been developed as a laboratory tool, there are currently some practical considerations, however, that limit the AHAAH model's applicability for dosimetry. The software package was developed specifically to run on short excerpts (tens of milliseconds) of an impulsive waveforms and is not well-suited for evaluating ARUs over extended-duration and complex noise, which may contain multiple impulses embedded in elevated background noise. In addition to the memory and computational complications of processing extended data records, there is no clear process for dynamically or adaptively controlling on-and offset of the middle-ear reflex where impulses may occur intermittently but the state of an individual's middle ear reflex at any given time may not be known.
Several recent studies have sought to model auditory damage from complex noise exposures that may be more realistic to military and industrial settings. One concept to correct the inaccuracy of the equal energy hypothesis is a kurtosis correction factor for TWA noise levels (Qiu et al., 2006 (Qiu et al., , 2013 Goley et al., 2011; Sun et al., 2016) . Kurtosis is a statistical measure (fourth moment) of the data that correlates with impulsive characteristics in the noise.
Aeq;T ¼ L Aeq;T þ 4:04log 10 ðb=3Þ where b is the kurtosis of the 
1 A-duration should not be confused with A-weighting, which applies frequencydependent weights to a noise spectrum to account for the frequency dependence of loudness perception.
data, that showed improved correlation against PTS in chinchillas compared to the uncorrected L Aeq;T . Recently, Sun et al. (2016) proposed an alternative kurtosis-based energy metric that adaptively elevates the effective energy in impulsive noise environments and reverts to the conventional A-weighted calculation in continuous noise environments. This work is promising as it aims for a unified metric that appropriately adapts to the noise environment, but further study is needed to validate kurtosis-corrected energy metrics over more data sets including complex military noise environments.
Dosimeter development
To help fill the gap in dosimetry technology appropriate for the military, MIT LL is developing a noise dosimeter with the goals of capturing noise exposure for the Warfighter through on-body sensors and providing acoustic characterization of both continuous and impulsive sounds. Two versions have been built thus far as shown in Fig. 2 , with technical specifications given in Table 2 . The first-generation prototype device was fielded in 2013 with dismounted Marines in Afghanistan by the Marine Expeditionary Rifle Squad (MERS) as part of a joint protocol with the U.S. Army Research Institute of Environmental Medicine (USARIEM). Further details are provided in Section 4.1. The second generation (under development) is a laboratory-grade, portable dosimeter that is funded jointly by MERS and the U.S. Army Natick Soldier Research, Development, and Engineering Center (NSRDEC). The Generation 2 device will meet nearly all the instrumentation standards for impulse noise outlined in MIL-STD-1474E and provide additional functionality and sensors, such as accelerometers to help filter out false noise events from objects hitting the microphones. Details are provided below in Section 3.1.
Utilizing this device for on-body measurements and, in addition, collecting coordinated audiometric tests on Warfighters during military operations could generate important data sets for evaluating existing noise metrics and validating new ones. To date, most military noise-exposure standards typically are validated on animal blast overpressure exposures (Hamernik et al., 1998) , or a single human study of blast overpressure exposures conducted on over 200 military volunteers in the early 1990's (Johnson, 1993) . Additional dosimetry collections during military training or operations could provide valuable data to help validate exposure metrics and standards over a wide variety of military noise conditions. In addition to improving noise-exposure standards, future data collections of this type may help to inform individual susceptibility for NIHI by including other physiological and genetic factors.
Device characteristics
Ideal design characteristics for a noise dosimeter are shown in Table 2 , some of which are specified in MIL-STD-1474E (2015). Size, Weight, and Power (SWaP) considerations also apply to developing physiological or environmental on-body sensing devices, and are relevant here as well. With a goal of a small package suitable for an on-body or in-ear system, the trade-off typically will be with the recording fidelity (sampling rate, dynamic range) and the duration over which data can be recorded (battery life, digital memory). While there are many commercially available devices with a wearable form factor, they are focused on occupational noise hazards below 140 dB and employ relatively low sampling rates. In military environments, however, impulse noise often exceeds these capabilities. Portable commercial audio recorders are one alternative to capture high-fidelity noise exposures with a calibrated microphone, but are often bulky, have many settings, and cannot process noise metrics in real-time on the device. Smartphones are another possible option, and can be accurate in certain device configurations and noise environments (Kardous and Shaw, 2014) , but the built-in microphone is limited to lower sound pressure levels (non-impulse noise), low sampling frequency, and a single input channel. External microphones can be used with the smartphone as an alternative, but may require separate power and circuitry.
The MIT LL first-generation prototype, as shown in Fig. 2 , was an improvement over existing commercial dosimeters, but did not meet the ideal specifications for impulse-noise recordings. In particular, the prototype utilized two Shure SM-11 lavalier microphones that could withstand high sound pressure levels, but did not have an appropriate frequency bandwidth. In addition, the sampling frequency was too low to capture the rapid onsets of impulse noises. The MIT LL 2nd-generation noise dosimeter is aimed at improving the signal quality above that of the original version, through modifications to both the internal circuitry and the microphones. The goal for this device is to collect on-body, laboratory-grade measurements that meet or are close to instrumentation requirements specified in MIL-STD-1474E, while maintaining a suitable form factor. In addition, several auxiliary sensors are integrated into the device to capture GPS data, temperature, barometric pressure, and acceleration. The accelerometer is particularly valuable for its ability to identify physical impacts that produce false impulse-like signals on the microphone.
A G.R.A.S. 47DX 1/8 00 pressure microphone was selected for the microphone in the 2nd-generation dosimeter design due to its form factor (suitable for near-ear placement), its large measurement range (up to 185 dB), and its frequency response (up to 100 kHz). Although ideal for research studies, one downside to this microphone is the cost, which might prevent wide-scale adoption for occupational and military noise measurements. However, future versions of the device could be built with less costly microphones that have sufficient signal bandwidth and quality. Future versions also should seek to reduce the product size while increasing battery life to enable extended periods of use (weeks to months). The sample rate required in particular has a strong effect on the power consumed by the analog-to-digital converter, but also on any processing that must be done on the resulting digital data. The analogto-digital converter used in the device, which has 128 kHz sampling frequency and a 285 mW power consumption, was selected for being a midpoint in the trade-off between SWaP and data quality.
To verify the accuracy of the MIT LL 2nd-generation dosimeter, simultaneous laboratory measurements were made with the dosimeter and a reference data-acquisition system using two G.R.A.S. 47DX microphones co-located near the ear of an acoustic test fixture. Fig. 3 contains an example of the data collected for a 161-dB peak SPL impulse noise generated from a compressed-air shock tube. The 2nd generation dosimeter shows good correspondence to the reference system, a 24-bit National Instruments laboratory-grade system that samples at 200 kHz. The dosimeter measured a peak SPL of 161.0 dB and an L eqA100ms of 136.7 dB, while the reference system measured a peak SPL of 161.3 dB and an L eqA100ms of 137.2 dB. The median difference in the 1/3-octave-band levels was 0.7 dB. Similar results were obtained across 8 blast measurements with peak SPLs in the range 160e179 dB.
Another important consideration in the dosimeter design is the choice of damage risk metrics to be output by the device, ideally computed in real-time. Since the 2nd-generation prototype is designed for research and the damage risk metrics have not yet been settled on, the prototype is typically configured as a sound recorder and evaluation of noise exposure metrics is performed offline. The prototypes are, however, capable of on-board data processing via a Xylinx Zynq, which includes both an FPGA and dualcore ARM processor. A hybrid approach for storage of continuous and impulse noise, shown in Fig. 4 , can be used to reduce the data storage requirements ($ 3 GB per hour for stereo recording) on the tactical noise dosimeter while preserving select time-pressure intervals for further analysis. In this hybrid approach, data are stored in 2 output streams on different time-scales. Average A-weighted levels or octave bands of the background noise levels are captured on a relatively slow, uniformly sampled time scale. Simultaneously, impulses that exceed a threshold are detected and stored as full pressure waveforms for offline analysis since impulse metrics are less agreed upon by the hearing community. This technique reduces the data storage requirements while still capturing significantly more information than a COTS noise dosimeter. Currently, the prototype dosimeter has 128 GB of available storage through a microSD card.
Lessons learned from field collections with COTS recorders and the first-generation dosimeter also have helped inform the design of the second-generation dosimeter package. The interface of the device has no exposed controls in order to limit opportunities for human error, e.g. inadvertent changes to settings during the fitting process. In addition, a display to indicate the status of the device will be added for identifying device concerns related to functionality and system health during a fielding. Another challenge with on-body dosimetry is artifacts due to acceleration effects or touching the microphone (Berger et al., 2003) . Knocking artifacts recorded in an acoustic waveform are very similar to impulsive noise, but since they are not representative of the noise transmitted to the ear drum, they can result in gross over-estimates of the noise exposure if they are integrated into personal dose estimates. In the Afghanistan fielding of helmet-mounted noise dosimeters, dropped helmets and other impacts associated with military operations produced a large number of artifacts in the data that could not be automatically screened from the dosage calculations. Microphone design and diaphragm size can have a strong effect on acceleration sensitivity, which is typically maximal in the direction of diaphragm motion (Knowles, not dated) . Hearing aid and MEMS microphones typically have low acceleration sensitivity and are ideal for on-body acoustical recording, but do not span the dynamic range needed for military noise exposures. Piezoelectric microphones may also be a good option, but are often less sensitive in the range of human acoustic sensitivity. The MIT LL 2nd-generation dosimeter has been designed with co-located accelerometers at each microphone and in the device enclosure. These additional Fig. 3 . Pressure waveforms (top) and 1/3-octave-band spectra (bottom) for the MIT LL 2nd-generation noise dosimeter (red) and a reference data-acquisition system (blue) collected with matching, co-located microphones. There is a good correspondence between the two systems.
sensors will be used to help detect and remove microphone knocking through on-board processing.
Data examples
Marine deployment in Afghanistan
In 2013, several Marines in Afghanistan were outfitted with the MIT LL first-generation on-body dosimeters in a study conducted by MERS and USARIEM. Noise exposure was measured for approximately 12 h each day over a period of two days, providing samples of the operational noise environment. Participants received a briefing on the study and were outfitted with either an MIT LL helmet sensor (Fig. 2) or a COTS TASCAM DR-05 recorder e ten of each device were available for the fielding. On each day, two platoons completed their daily patrol with the devices recording. The Marines transitioned between being mounted in vehicles and walking in the vicinity while on patrol. None of the Marines wore hearing protection. Fig. 5 shows an example of the data recorded by the sensors for two Marines in close proximity to each other during a firefight. Three different combatants can be heard firing in the recording, where the exposure for Marine 1 is highest during the section highlighted in red, and in blue for Marine 2. These data demonstrate the complicated noise dosage that accumulates based on the position relative to the impulse noise source, and thus the need for on-body sensors to make personalized measurements.
Damage risk metrics such as those listed in Table 1 have been calculated from the recorded data. One challenge that arose in evaluating the dose from the Afghanistan collection is that knocking artifacts frequently occurred from the motion of the Marines and incidental contact with the microphones. Under these circumstances, directly integrating the A-weighted energy over the full 12 h recordings would result in inflated dose values since much of the energy comes from the knocking artifacts. To avoid this, a number of artifact-free intervals were manually identified and analyzed. Table 3 shows the damage risk metrics for the short interval shown in Fig. 5 . During this short 6-s interval, both Marines are exposed to equivalent noise levels L Aeq;8h near the recommended daily limit of 85 dBA. Peak levels observed from the shots fired nearest to them exceed the recommended limit of 140 dB. The MIL-STD-1474E impulse metrics, L IAeq;8h and AHAAH ARU, are only calculated on the impulses and exclude background energy. The corrected L IAeq;8h metric yields a value several dB lower than the conventional L Aeq;8h . Although the impulses in this data were due to small-arms fire, the A-duration estimation resulted in correction factors that reduced the energy of each impulse by several dB (ranging from 4 to 16.4 dB for the 19 shots shown). The last metrics shown in the table are AHAAH ARU calculated for the Unwarned (middle ear reflex not active prior to the arrival of each impulse) and Warned (middle ear reflex active prior to the arrival of each impulse) states. In the Unwarned state, the 500 ARU limit for occasional exposure is significantly exceeded. However, assuming the ear is in the Warned state, which may be a reasonable assumption for a soldier firing his or her own weapon, the ARU falls slightly below the limit. Fig. 4 . Signal processing and data storage algorithm for a complex-noise, tactical noise dosimeter. Output 1 consists of background noise level measurements (e.g. sound level or octave band measurements at 1 s intervals). Output 2 consists of the full pressure waveform when an impulse noise event is detected. This technique allows for application of existing and future damage risk metrics to be applied specifically for impulse noise, while reducing the data storage requirements.
Aircraft carrier
Other prominent noise sources in military environments include ground, air, and sea-based vehicles. In particular, aircraft carriers are among the loudest of military environments; above deck, personnel wear double hearing protection to protect against the extreme noise levels from jets as they launch and land on the carrier. However, the noise levels are high even below deck, with a complex mix of continuous, intermittent, and impulsive noise events from many contributing sources. Fig. 6 shows an example of the 24-h noise levels in a living space near the front of the ship, collected in a study funded by the Office of Naval Research (ONR) in collaboration with Noise Control Engineering LLC during a Joint Strike Fighter (JSF) exercise. Noise was recorded throughout the seven-day exercise using stationary, freefield COTS sensors (TASCAM DR-40 recorders). Significant background levels were observed in the living spaces below deck, and persistent recordings show shifts in the continuous background levels that range from 55 dBA (the noise floor of the recorder) up to 62 dBA. The elevated background levels correspond to time periods leading up to flight operations and likely are associated with high loads on support machinery in use. Prior to launch, the fighter jets engage engines at full power, producing intermittent bursts of high-intensity noise that last for 20e30 s. Finally, occasional impulses are observed in the data, associated with the catapult brake that produces a sharp impact noise that reverberates through the ship as each aircraft is launched.
TWA noise levels are represented in Fig. 6 as an 8-h moving average of the noise measurements (solid red line). The average level in this living space during flight operations is just above 80 dBA. For comparison, the Navy guidance for 8-h TWA noise levels where single and double hearing protection devices (HPDs) are required are shown as dashed lines (US Navy, 2007) . The uppermost dashed line represents the noise level which requires the best double HPD configuration (in terms of noise-reduction rating) approved by the DoD.
This 24-h measurement shows that noise in the living quarters below deck of an aircraft carrier reaches very high levels during flight operations and the noise continues at moderately high levels even after flight operations conclude. These 24/7 noise conditions may not support full TTS recovery each day. Further on-body and in-ear dosimeter measurements along with audiometric data are needed to better understand this issue, as the accumulated risk of hearing damage might be significantly greater when exposures from the flight-deck are included. Fig. 7 shows example damage risk metrics calculated from noise recordings in the living spaces of the aircraft carrier. Each point in the scatter plot represents the A-weighted noise level for each launch plotted against the corresponding kurtosis correction based on the approach described by Goley et al. (2011) . Rooms 1 and 2 are located below the jet blast deflectors, so the primary noise exposure is from intermittent, continuous-noise jet engine blasts. Furthermore, the launch energy is not highly impulsive, so the kurtosis-correction factor is generally small in these rooms. Room 3, located at the front of the ship in close proximity to the braking mechanism for the catapults, contains the loudest noise during launches, as indicated by the higher L Aeq values. Additionally, the noise in this room is highly impulsive, as seen in the example waveform in the inset of the figure, leading to relatively large kurtosis-based correction factors for most of the launches in this room. Table 3 summarizes the metrics for the three aircraft carrier rooms accumulated over a 24-h period in which 22 aircraft were launched from the catapults overhead. Since Rooms 1 and 2 did not contain high-level impulses, the impulse metrics L IAeq;8h and AHAAH ARU are not appropriate metrics for these rooms, but the L Aeq;8h characterizes the continuous and intermittent noise energy accumulated throughout the day. The L Aeq;8h is below the recommended 85 dBA limit, but considering that they are living spaces, the 75e79 dB levels may not provide adequate recovery conditions for personnel during their off-duty hours. Applying a kurtosis correction 2 increases the equivalent noise levels by 1e2 dB. In Room 3 the impulse peak levels are much higher, reaching the 140 dB peak limit for most launches. For this room we calculate the impulse metrics L IAeq;8h and AHAAH ARU for high-level peaks as well as the conventional L Aeq;8h integrated over the full 24-h period. The damage risk metrics give conflicting results: both the conventional and kurtosis-corrected L Aeq;8h are close to, but below, the recommended 85 dBA limit. The impulse metric L IAeq;8h which integrates over the 100 ms window for each impulse (neglecting all intermittent and continuous background noise) yields a very low hazard. The value is particularly low because A-duration calculations are not well-suited for the highly-reverberant impact noise observed in this room. Due to the reverberation, A-durations calculated for these impulses are typically longer than 2.5 ms, resulting in the maximum reduction of 16.4 dB in the L IAeq;8h risk metric. Conversely, the AHAAH ARU metric predicts extreme hazard from the impulses in this room for both Warned and Unwarned states. The inconsistencies seen between L Aeq;8h , L IAeq;8h and AHAAH ARU damage risk metrics for this room, as well as the uncertainty in when to consider Warned versus Unwarned AHAAH ARU in this noise environment, emphasize the need for further research to understand the limitations of damage metrics and develop clearer guidelines for which metric or metrics should be used in a scenario. 
Prioritizing personalized dosimetry
With decades of investment in noise assessments, the military has extensive recordings from stationary measurement systems collected on ships, ground vehicles, aircraft and in other relevant noise environments. In a diffuse, continuous sound field it is possible to leverage existing measurements or acoustic models of a noise environment such as a Navy ship and generate representative free-field noise metrics for a specific room or location (Boroditsky et al., 2007) . While these free-field noise metrics provide valuable information about noise conditions throughout the ship, they fall short of estimating the individual exposure of a crew member, since personnel move throughout the ship over the course of a day and the exposure of an individual is unique based on his or her sequence of activities. The noise collection from the ONR JSF exercise described in Section 4.2 represents this case, where estimating dose for a given Warfighter relies on layers of assumptions about personnel movement above and below deck over a 24-h period as well as when crew are wearing hearing protection devices. Similarly, while noise-level recordings of individual weapons or vehicles are readily available, the authors know of no other noise exposure collections during dismounted combat operations, other than what is described in this paper.
Uncertainties associated with estimating personnel movement as they perform their duties is avoided with on-body dosimetry where the local noise conditions are directly sampled by the device. On-body measurements may also be valuable for the purpose of developing task-based transfer functions which could be used to translate extensive collections of free-field military environment measurements into representative dosage for a given task.
In order to capture the true dose experienced by an individual, i.e. the energy reaching the inner ear, it is necessary to relate the noise measured at a position on the body to the noise arriving in the ear canal. This requires a transfer function to account for spatial, spectral, and temporal filtering of the noise by the torso, head and outer ear. While the top of the shoulder is historically considered an optimal position for a dosimeter microphone (Muldoon, 1973) , the differences in sound pressure among on-body locations can vary up to 15 dB, which could impact temporary and permanent threshold shifts significantly (Bruel, 1977; Kuhn, 1979; Shaw and Vaillancourt, 1985) . This problem is even more relevant for military and impulse noise, where head and helmet shadowing and pinna resonances can strongly effect the high-frequency content of the energy delivered to the eardrum. The ideal microphone placement for personal dosimetry is in the ear since it requires very few assumptions about the activities of the individual, potentially eliminating the need for an on-body to in-ear transfer function. A microphone positioned in the ear can directly measure noise exposure from headphones as well as noise suppression from HPDs. However, in-ear dosimetry may interfere with standard hearing protection, situational awareness, and comfort, and may cause occlusion making it not practical for 24-h dosimetry or long-term use. Near-ear dosimetry can provide a good compromise of fidelity and practical use in fieldings. Fig. 8 illustrates how the placement of the microphone for dosimeter measurements affects the process used in assessing risk of NIHI.
To illustrate the differences between the various different microphone placements, a laboratory test was performed to record a series of impulses from four microphone positions simultaneously, as shown in Fig. 9 . The setup used a G.R.A.S. 45CB acoustic test fixture to obtain in-ear measurements; the "near-ear" dosimeter microphone was mounted on the test fixture as shown in the right panel of Fig. 2 . All of the pressure microphones were oriented vertically at right angles to the sound source. This ensured that the sound-pressure wave from an impulsive source located at 0 + azimuth relative to (in front of) the test fixture was at a 90 + angle of incidence relative to each diaphragm, so no angle-of-incidence correction was required.
Since all of the recordings were made simultaneously for each impulse, the damage risk to the inner ear is intrinsically identical regardless of the measurement location. For a frontal impulse noise source (0 + azimuth), the free-field, on-body and near-ear microphones all produce similar peak and A-weighted sound-pressure levels, but the in-ear measurement is amplified by nearly 10 dB due to the outer-ear and pinna (Fig. 9) . Current exposure metrics, such as L Aeq;8h , are based on free-field measurements, because they are more convenient to obtain with a sound-level meter. However, we hypothesize that an in-ear measurement is a more accurate predictor of hearing damage than a free-field measurement, even if it is more difficult to measure in practice. As previously mentioned in Section 2.2, the AHAAH model provides transfer functions, that include various assumptions, to correct for microphone placement.
The location options supported by AHAAH are (1) free-field, (2) earcanal entrance, or (3) eardrum (Price and Kalb, 1991) , and were applied appropriately to the data shown in Fig. 9 . For a free-field measurement, the AHAAH model assumes that the energy is transmitted directly to the ear (i.e., that the measurement location and the head are in the same place and that the sound source is aligned in azimuth and elevation with the ear canal), providing a worst case estimate of the transmission. Due to this assumption, the reported ARU value was highest for this sample dataset when calculated using free-field-like conditions. If the 275 ARU in-ear value is taken as ground truth, the error in predicted risk increases as the distance of the measurement from the ear increases.
This experiment was conducted for a single source angle (frontal), but relationships between the microphone measurements will depend on the location of the source as well as placement of the on-body microphone. Further work is needed to characterize effects of microphone placement for personalized dosimetry. This issue of on-body microphone placement is not accounted for in the current ASA and ANSI Standard S1.25 specification for personal noise dosimeters (ANSI, 1991) , and may be even more important when considering impulsive or complex noise environments. Finally, metrics should be adapted for in-ear dosimetry when combined with hearing protection devices. In the most recent version of the AHAAH model, as described in MIL-STD-1474E, a hearing protector simulator is included to better estimate exposure at the ear drum.
Summary and conclusions
The prevalence of NIHI in the military has continued to increase over the past decade, even as Department of Defense efforts to protect and conserve hearing have increased. A key step in developing strategies to reduce NIHI is to improve the ability to measure noise exposure for the Warfighter and to predict the risk of hearing injury accurately. The MIT LL 2nd-generation dosimeter prototype is in development to help bridge the gap between COTS dosimeters that provide persistent on-body noise exposure measurements for industrial environments, and large-SWaP laboratory-grade sound- pressure meters capable of measuring the extreme levels and broadband characteristics that may be encountered in military noise environments. Early data collections on an aircraft carrier and with Marines on patrol in Afghanistan have provided valuable insights into the necessary features and functionality of such a device.
Translating noise exposure to auditory damage through appropriate metrics is still an open area of research. Progress in this area has been slow due to the very few data sets that contain both noise exposure and audiometric data for humans. Proposed near-term collections with the MIT LL dosimeter prototype include Marine training exercises with live fire and blasts as engineering tests of the system. However, future collections also should include coordinated audiometry and potentially other physiological data such as genetic biomarkers. Collections of this type will support the continued validation of proposed damage risk metrics and development of more comprehensive modeling of auditory damage from noise.
Finally, it is important to note that a potential future use for personalized dosimetry relates to recent studies that show promising results for reducing NIHI with therapeutic agents. When administered within one hour of the exposure, pharmacological interventions may provide as much as 30 dB of protection against a permanent threshold shift (Le Prell and Bao, 2012) . On-body noise dosimetry could provide an alert to soldiers and medics when a noise exposure exceeds a dangerous threshold. This immediate feedback could improve the chances of delivering therapy to Warfighters who need it during the short window of opportunity in which it would be most effective.
